The millimeter and submillimeter-wave molecular-beam spectrum of the perdeuterated ammonia dimer (ND 3 ) 2 has been measured between approximately 50 and 400 GHz using an electric-resonance optothermal spectrometer ͑EROS͒. As in the case of the (NH 3 ) 2 , the spectrum is complicated by the threefold internal rotation of the ND 3 subunits, the interchange tunneling of the two subunits, and the inversion of the subunits through their respective centers of masses. These tunneling motions split the rigid-molecule energy levels into 22 components, which all have nonzero statistical weights in the case of the deuterated dimer. Transitions have been assigned for rotation-tunneling states correlating to A -A ͑ortho-ortho͒ combinations of the ND 3 monomer states, where A designates the rovibronic symmetries of the ND 3 subunits. One Kϭ1←1, one K ϭ1←0, one Kϭ0←1, and two Kϭ0←0 progressions have been assigned. The data have been fit to 0.28 MHz using linear molecule-type energy-level expressions to determine rotational constants, band origins, l /K-type double constants, and centrifugal distortion constants. The two Kϭ0←0 subbands, with origins near 264 GHz, are split by 64 MHz due to monomer inversion, as observed previously in the NH 3 dimer. The 264 GHz, Kϭ0 splitting arises predominantly from monomer interchange tunneling and is nearly a factor of 2 less than the 483 GHz value for the NH 3 dimer. The separation is also approximately 25% smaller than predicted by Olthof et al. ͓E. H. T. Olthof, A. van der Avoird, and P. E. S. Wormer, J. Chem. Phys. 101, 8430 ͑1994͔͒ from dynamical calculations on a model potential energy surface adjusted to fit the observed far-infrared rotation-tunneling spectrum of the NH 3 dimer.
I. INTRODUCTION
An understanding of the structure and dynamics of the ammonia dimer has been of great interest since Nelson et al. 1, 2 concluded from an analysis of the microwave spectrum of the dimer that it has a rigid nonhydrogen-bonded geometry, in disagreement with a number of high-level ab initio calculations. 3 Their arguments were based on the observation of a series of Kϭ0 rigid-rotor transitions of several isotopic forms of the dimer. For the totally protonated dimers, the Kϭ0 transitions are split by less than 1 MHz, with the splitting attributed to internal rotation of one of the monomer subunits about its threefold axis. The a-inertialaxis components of the electric dipole moment and 14 N quadrupole coupling constants were found to be only weakly sensitive to isotopic substitution, which led to the conclusion that the complex is rigid since these quantities arise primarily from zero-point projections of the monomer values. The absence of donor-acceptor interchange was particularly puzzling since such effects were observed previously in a number of homogenous dimers, such as (HF) 2 and (H 2 O) 2 .
In a follow-up study, Nelson and Klemperer 4 addressed this problem using a group theoretical analysis based on the G 36 molecular symmetry group, valid for an NH 3 dimer in which monomer inversion is quenched. They concluded that the observed states in the microwave spectrum consist of mixed combinations of A and E symmetry monomer states. For these states, the interchange tunneling will be quenched if the internal rotation effects are large compared to the interchange tunneling matrix elements.
A subsequent analysis by Loeser et al. 5 of the farinfrared spectrum of the NH 3 dimer [5] [6] [7] revealed that the spectrum of the dimer is significantly more complex than initially suggested by the microwave study. Loeser et al. 5 found, in fact, that the monomer inversion motion is not quenched in the dimer, thus requiring the use of the G 144 molecular symmetry group in the analysis. Havenith et al. 7 came to similar conclusions from an infrared-far-infrared double-resonance study of the dimer.
The detailed far-infrared analysis of Loeser et al. 5 motivated a quantum mechanical calculation of the rotationtunneling states of the NH 3 dimer on an adjustable model potential by Olthof et al., 8 using a methodology developed previously. 9, 10 Their calculations suggest an equilibrium configuration significantly distorted from a linear hydrogenbonded minimum with an extremely low barrier ͑ϳ7 cm Ϫ1 ͒ for the tunneling interchange of the bonding roles of the two monomers. Predictions from the model potential 8, 11 agree well with the microwave, far-infrared, and infrared spectrum 1, 2, [5] [6] [7] 12 and with electric dipole moments 1, 2, 13, 14 and nuclear quadrupole coupling constant values 1,2,15 avail-able prior to and after the this work, with the exception of the measured asymmetry in the quadrupole coupling constant tensor (eQq bb ϪeQq cc ), which suggests that the potential is too soft in the dihedral angle. 15 The shallowness of their potential surface is also in agreement with recent ab initio calculations. 16, 17 The C s -symmetry minimum suggested by Olthof et al. 8 contrasts with the conclusion of Tao and Klemperer, 17 who conclude from their calculations (6-311 ϩG(3d,2p) and ͓7s5 p3d,4s1p͔ extended with bond functions͒ that the minimum-energy configuration has C 2h symmetry.
Olthof et al. 8 also gave predictions for the tunneling splittings in the ND 3 dimer. Measurements of these splittings, which are presented here, furnish an additional critical test of the model potential energy surface of Olthof et al. 8 In addition, because of its reduced zero-point energy, the ND 3 dimer spectrum should be more sensitive to the shape of the equilibrium configuration of the dimer. Thus, ND 3 dimer data, when combined with the appropriate theoretical analysis, may be useful for discriminating between the Olthof et al. 8 C s minimum and the Tao and Klemperer 17 C 2h minimum.
In the present work, we present measurements of the rotation-tunneling spectrum of ND 3 dimer states correlating asymptotically to A-symmetry monomer rovibronic states. Measurements were made for both Kϭ0 and Kϭ1. The spectra are complicated by Kϭ0/Kϭ1 Coriolis interactions and by monomer inversion. These effects have been previously observed in the NH 3 dimer, and help verify the present assignments. The observed Kϭ0 interchange splitting is approximately 25% smaller than the predicted value of Olthof et al., 8 suggesting the need for refinement of their potential.
II. EXPERIMENT
The present measurements were made using an electricresonance optothermal spectrometer ͑EROS͒, as described previously. [18] [19] [20] Briefly, a molecular beam of ND 3 dimer is produced by a supersonic expansion of several percent ND 3 seeded in argon through a 40 m diameter nozzle at a backing pressure of 250 to 300 kPa. The molecular beam is defined by a 1-mm diameter skimmer located approximately 2.5 cm from the nozzle. After leaving the skimmer, the beam travels through a 56-cm-long electrostatic field of quadrupolar symmetry and then strikes a 1.7 K liquid-He-cooled bolometer detector. The electrostatic field focuses molecules in rotation-tunneling states with positive Stark coefficients ͑states whose energies increase with field strength͒ onto the bolometer detector. Molecules in states with negative Stark coefficients are deflected out of the molecular bcam. Millimeter and submillimeter radiation is applied to the molecular beam between the nozzle and skimmer using a cutoff section of K-band waveguide. The radiation is furnished by phaselocked backward-wave oscillators ͑BWO͒. 21 A resonance is observed when the beam intensity at the bolometer is changed due to the different focusing behavior of the upper and lower states of the transition in the quadrupole field. In practice, the radiation is either frequency or amplitude modulated and the bolometer output is monitored as a function of BWO frequency with a phase-sensitive detector. A sample spectrum is shown in Fig. 1 .
III. RESULTS
Approximately 650 transitions have been observed in the He/ND 3 expansion, 106 of which have been assigned to ND 3 dimers states correlating to free monomer states of A rovibronic symmetry ͑i.e., designated A -A͒. The assigned transitions are listed in Table I and an energy-level diagram for the A -A states with nuclear-spin statistical weight factors 11 is shown in Fig. 2 . As seen in Fig. 2 , the Kϭ0 and Kϭ1 states are each split into doublets ͑264 GHz for Kϭ0 and 286 GHz for Kϭ1͒, due primarily to the interchange tunneling. These states have rotation-tunneling symmetries of A 1 , A 2 , A 3 , and A 4 in the G 36 molecular symmetry group. Coriolis interactions, predominantly between the observed K ϭ0 and Kϭ1 states, split each Kϭ1 level into a doublet, analogous to K-type or l -type doubling. The Kϭ0 and l /K-doubled Kϭ1 states are further split into three compo-
When monomer inversion is resolved, as in the present study, the states are labeled using the G 144 molecular symmetry group, as discussed by Loeser et al. 5 In G 144 , the selection rules are component was assigned, due to the lower signal-to-noise ratio for these bands arising from the reduced thermal population of their lower-state progenitors. The observed transitions have been least-squares fit to the linear-molecular-like energy-level expression,
where B is a rotation constant, D is a centrifugal distortion constant, q is an l /K-doubling constant, and v is a state label, as given in Fig. 2 . For an asymmetric rotor q v ϵ(B v ϪC v )/4, while for a linear molecular, q v ϵq l /2, where q l is the standard l -doubling constant. The q v were constrained to be positive by using the ϩ factor in front of q v and d v for the upper energy components of the K/l doublets. All the transitions were weighted equally in the fit. The spectroscopic constants resulting from the fit with their type A standard uncertainties are given in Table II . The standard deviation of the fit is 0.28 MHz, and is close to our typical measurement reproducibility of 0.25 MHz and nearly a factor of 10 smaller than the 2 to 2.5 MHz FWHM linewidths of the transitions. The spectroscopic constants in Table II These observations suggest that the 1.6% change in rotational constants between the vϭ0 and 1 states is a consequence of the different zero-point radial separations of the symmetric and antisymmetric interchange tunneling states. A 1.6% difference in rotational constants corresponds to an ϳ3.2% difference in ͗1/r 2 ͘ Ϫ1/2 values between the two states ͑i.e., ϳ0.11 Å͒, where r is the center-of-mass separation and the averaging is over the zero-point motion. The bond length for (ND 3 ) 2 has been previously shown to be ͗1/r 2 ͘ Ϫ1/2 ϭ3.35 Å. , which equals ϳ11 900 MHz for Jϭ1.
IV. DISCUSSION
The measured interchange splittings in the present study can be compared with values calculated by Olthof et al. 8 on a potential-energy surface optimized primarily to characterize the microwave and far-infrared spectrum of the NH 3 dimer. They predict a Kϭ0, A -A interchange tunneling splitting of 331 GHz, compared to our observed value of 264 GHz. We note that in the (NH 3 ) 2 , the experimental interchange splitting is 483 GHz, while the potential modeling gives an (NH 3 ) 2 splitting of 475 GHz. The experimental ratio for the (NH 3 ͒ 2 /͑ND 3 ) 2 Kϭ0 splitting of 1.83 is closer to the free-rotor value of 2, than the harmonic value of 2 1/2 . vϭ0, 
Type A standard uncertainties are given in parantheses ͑i.e., coverage factor kϭ1͒.
The ratio for the Olthof et al. 8 potential of 1.44 is close to the harmonic limit, as noted by these authors. Our measurements suggest that the interchange motion in the ammonia dimer more closely resembles a hindered free-rotation than suggested by the potential of Olthof et al. 8 Along this lines, it is noteworthy that the polar angles, their i , determined from the quadrupole coupling constants of 48.6 and 64. 5 ϩ -A 1 ϩ splitting for vϭ0, Kϭ0 they estimated a value of 37.0 MHz for no change in barrier and a value of 77.7 MHz if the barrier is lowered by 9%. Under the assumption that the E states are midway between their A/B partners, we find that the A -B tunneling splitting increases by 127.5 MHz from vϭ0 and 1. This can be compared to values of 33.6 and 70.6 MHz, calculated theoretically for no barrier change and a 9% barrier change, respectively. This disagreement between theory and experiment suggests a greater reduction of the inversion barrier upon complexation or the need for some refinements in the proposed pair potential.
We have also measured and assigned a number of transitions for rotation-tunneling states of the dimers having A -E and E -E monomer progenitors. At present, this assignment is incomplete and awaits further experimental measurements. Some of the assignments are shown in the spectrum of Fig. 1 . Complicating these assignments is the presence of a number of lines of ND 3 -ND 2 H from isotopic exchange and the strong Coriolis interactions between the Kϭ0 and 1 components of the dimer state. In addition, a strong perturbation is observed to abruptly occur near Jϭ5 for a couple of the series, which cannot yet be explained. A future paper will address these issues. It is also hoped that the availability of the present results will motivate renewed theoretical efforts to refine the NH 3 pair potential, which, in turn, can help guide the analysis of the A -E and E -E spectra of the (ND 3 ) 2 .
